Lung alveolar type I cells (AT1) and alveolar type II cells (AT2) regulate the structural integrity and function of alveoli. AT1, covering ~95% of the surface area, are responsible for gas exchange, whereas AT2 serve multiple functions, including alveolar repair through proliferation and differentiation into AT1. However, the signaling mechanisms for alveolar repair remain unclear. Here, we demonstrate, in Pseudomonas aeruginosa-induced acute lung injury in mice, that noncanonical Notch ligand Dlk1 (delta-like 1 homolog) is essential for AT2-to-AT1 differentiation. Notch signaling was activated in AT2 at the onset of repair but later suppressed by Dlk1. Deletion of Dlk1 in AT2 induced persistent Notch activation, resulting in stalled transition to AT1 and accumulation of an intermediate cell population that expressed low levels of both AT1 and AT2 markers. Thus, Dlk1 expression leads to precisely timed inhibition of Notch signaling and activates AT2-to-AT1 differentiation, leading to alveolar repair. 
INTRODUCTION
and ciliated cells as well as generation of AT1 and AT2 cells (Guseh et al., 2009; Rock et al., 2011b; Tsao et al., 2016) . In the adult, Notch is involved in repair and regeneration of several airway cells types, such as basal cells (Rock et al., 2011b) , club cells (Xing et al., 2012) , and a population of lineage-negative epithelial progenitor (LNEP) cells (Vaughan et al., 2015) . However, the role of Notch in AT2-mediated alveolar epithelial repair has yet to be explored. Notch signaling in mammals occurs through 4 receptor isoforms, Notch 1 through 4 (Kopan and Ilagan, 2009 ). These single-pass transmembrane receptors are activated by delta-like canonical Notch ligand Dll1, 3, and 4 and Jagged 1 and 2 through interaction with the extracellular epidermal growth factor (EGF)-like repeats (Kopan and Ilagan, 2009 ). Receptor-ligand binding induces Notch cleavage events, resulting in release of the Notch intracellular domain (NICD) (D'Souza et al., 2010) and its nuclear translocation and association with the DNA binding protein RBP-J (recombination signal binding protein for immunoglobin Jκ, also known as CBF1 and CSL). This is followed by recruitment of Mastermind-like (MAML) and histone acetyltransferase p300, forming the transcriptional co-activator complex (Kopan and Ilagan, 2009) . Target genes of Notch signaling include the Hes (hairy and enhancer of split) and Hey (hairy/enhancer-of-split related with YRPW motif) transcription factors (Kopan and Ilagan, 2009 ).
As AT2 go through sequential proliferative and transition steps to repair alveoli , we studied the kinetics of alveolar epithelial injury and repair responses induced by Pseudomonas aeruginosa (PA) pneumonia in mice and addressed the role of Notch signaling in regulating AT2-to-AT1 transition. We showed that the non-canonical Notch ligand Dlk1 (delta-like homolog 1, also known as preadipocyte factor 1 and fetal antigen 1; Falix et al., 2012; Smas and Sul, 1993) was upregulated post-injury and induced the inactivation of Notch signaling and that it was, in turn, required for AT2-to-AT1 transition and repair of the alveolar epithelium.
RESULTS

Temporal Relationship of AT2-to-AT1 Transition to Dlk1 Expression and Notch Activation
We investigated the role of Dlk1 in regulating AT2-mediated alveolar repair based on microarray analysis of gene expression upregulation in AT2 during the repair phase after PAinduced lung injury , which showed that Dlk1 may be a candidate regulator of progenitor cell properties of AT2. Studies were conducted using freshly isolated AT2 (Figures S1A and S1B) cultured on gelatin-coated plates with DMEM supplemented with 10% serum. This culture condition induced AT2 transition into AT1-like cells that took on a squamous cell morphology (Figures 1A and 1B; Dobbs, 1990; Liu et al., 2015; Qiao et al., 2008) . In the process, the cells gained expression of the AT1 markers T1α (podoplanin), HopX (HOP homeobox), RAGE (or Ager, for advanced glycosylation end product-specific receptor), and Aqp5 (aquaporin 5) (Jain et al., 2015; Ramirez et al., 2003; Yang et al., 2016) while losing expression of the AT2 marker Sp-C Whitsett et al., 2010) . Cell lysates collected daily over 7 days were analyzed. We found reduced AT2-specific Sp-C mRNA within a day and expression of the cell proliferation gene CDC25C (Liu et al., 2011) on day 3, whereas Aqp5 mRNA expression steadily increased over 7 days ( Figure 1C ). We also found, interestingly, that Dlk1 mRNA expression peaked on day 3 and decreased by day 7 ( Figure 1C ).
Because Dlk1 is a non-canonical ligand of Notch receptors (Falix et al., 2012) , we investigated whether Notch activity (as Dlk1 expression) was also temporally altered during the AT2-to-AT1 transition. Here we used the transgenic Notch reporter mouse line NotchVenus ( Figure 1D ; Nowotschin et al., 2013) ; these mice expressed the H2B-Venus fluorescent fusion protein under the control of the SV40 promoter, which is preceded by 4 tandem binding sites for the transcriptional repressor CBF1 (Nowotschin et al., 2013) . Thus, upon Notch activation, the cleaved intracellular NICD binds CBF1, recruits MAML to form the transcriptional co-activator complex (Kopan and Ilagan, 2009) , and induces expression of the nuclearly localized H2B-Venus fusion protein ( Figure 1D ). In sections of uninjured Notch-Venus lungs, most AT1 and AT2 were negative for Venus (Figures S1C and S1D) . However, when AT2 were isolated from Notch-Venus mice and cultured, we observed an increased number of Venus-positive cells at 48 and 72 h in culture compared with baseline ( Figure 1E ; Figures S1E and S1F). The cells also concurrently lost expression of the AT2 marker Sp-C by 48-72 h, whereas expression of the AT1 marker T1α started to increase (Figures 1C and 1E) . By h, some cells had transitioned into AT1-like cells, as evidenced by expression of the AT1 marker T1α, while losing the Venus signal ( Figure 1E ). By 8-9 days in culture, most cells differentiated into AT1-like cells and showed little Venus signal (data not shown). Thus, the peak Venus intensity, indicative of Notch activity, corresponded to the early transition phase from AT2 to AT1, when the cells expressed both the AT2 marker Sp-C and the AT1 marker T1α ( Figure 1E , 48 h). These results indicate that Notch signaling was transiently activated during AT2-to-AT1 transition at 48 h and decreased to baseline upon completing the transition. Thus, we observed a close temporal relationship between increased Dlk1 expression and switch in Notch signaling and the transition from AT2 to AT1.
Coupling of Dlk1 Expression and Notch Signaling in AT2 during the Early Repair Phase after PA-Induced Lung Injury
To study the time course of Dlk1 expression and Notch signaling in AT2 in vivo, studies were performed in mice challenged via intratracheal (i.t.) injection of PA, which is known to induce severe alveolar injury ( Figure 2A ; Liu et al., 2011; Suresh Kumar et al., 2014) . The time course of the injury-repair-resolution phases of this injury model is reflected in the relative cell density (cell numbers versus area of lung sections) at different time points after induction of injury ( Figure 2B ). Consistent with our previous results (Liu et al., 2011 , PA induced severe alveolar epithelial injury within 24 to 48 h, accompanied by neutrophilic influx, which contributed to the high cellularity at 48-72 h ( Figure 2B ). The early repair phase beginning at ~72 h is characterized by proliferation of AT2 (Liu et al., 2011 . Resolution of inflammatory injury began 4-5 days post-injury, as indicated by the reduced cell number in the lungs ( Figure 2B ). Recovery in this model is dependent on the conversion of AT2 to AT1 and is largely completed by 7 days post injury (Liu et al., 2011 .
To study whether expression of the Dlk1 and Notch signaling genes correlates with AT2-mediated repair, we isolated AT2 from wild-type (WT) C57BL/6 mice during the early repair phase (3 days after PA injection) for qRT-PCR analysis. We found increased expression of Dlk1 as well as the Notch receptors Notch 1 and Notch 2 and the Notch ligand Jagged 1 compared with AT2 isolated from control non-PA-treated mice ( Figures 2C-2F) . Transcripts of the Notch pathway target genes Hes1 (Kopan and Ilagan, 2009 ) and NRARP (Lamar et al., 2001) were also increased 72 h post-injury ( Figures 2G and 2H ). The expression of other Notch receptors and ligands (Notch3, Notch4, Dll1, and Dll4; Kopan and Ilagan, 2009) , however, did not increase at this time ( Figure S2 ). The expression of Deltex, which is involved in Notch receptor trafficking and down-regulation of Notch signaling (Kopan and Ilagan, 2009) , was decreased 3 days after PA injury ( Figure S2 ). These data strongly suggest that Notch signaling is involved in the AT2-mediated repair process.
To further validate temporal Notch signaling activation in AT2 during repair, we used the AT2 lineage-tracing mouse line SpC-CreER/Rosa-Tomato (SPC-Tomato) (Chen et al., 2017) . AT2 were further purified by fluorescence-activated cell sorting (FACS) after the standard AT2 isolation procedure (referred to as Tomato + AT2) from uninjured control and 72 h post-PA mice and analyzed by western blotting for the cleaved NICD, an indicator of Notch 1 activation (Schroeter et al., 1998 ). Here we found NICD levels to be significantly increased after PA injury ( Figure 2I ). Thus, Notch signaling is temporally activated in AT2 at the beginning of the repair phase, 72 h post-PA injury.
Dlk1 Mutation in AT2 Cells Occludes Their Differentiation into AT1
Next, to investigate the causal role of the temporally increased Dlk1 expression in AT2 in mediating AT2-to-AT1 transition, we made an inducible AT2-specific Dlk1 conditional knockout mouse line, Dlk1 ΔAT2 ( Figure 3A ). These mice were generated by crossing mice expressing tamoxifen (Tam)-inducible Cre under the control of the AT2 cell-specific promoter SpC (SpC-CreER) (Rock et al., 2011a) with Dlk1 flox , which has loxP sites flanking exons 5 and 6 of Dlk1; exons 5 and 6 account for 77% of full-length Dlk1 protein, including 4 of 6 extracellular EGF repeats and the transmembrane domain. The Dlk1 flox line was used to generate the Dlk1 null allele (Appelbe et al., 2013) . Little functional Dlk1 is expected to be produced in Cre-expressing AT2 cells after treatment of Dlk1 ΔAT2 mice with Tam . To trace the fate of mutant cells, we also introduced the lineagetracing allele ROSA-Tomato (or ROSA-YFP) ( Figure 3A ). In these SpC-CreER/RosaTomato/Dlk flox mice, Cre expressed by SpC-CreER disrupts Dlk1 and also deletes the stop codon in the ROSA-tomato locus, allowing the Cre-expressing AT2 and their progeny to be labeled with the fluorescent protein tdTomato (Tomato) (or YFP when this reporter was used in lieu). The gene encoding Dlk1 is located in the imprinted Dlk1-Dio3 gene cluster and expressed paternally because of differential methylation (Schmidt et al., 2000) . We used Dlk1 flox males to cross with SpC-CreER mice. Analysis of lung sections from these mice showed the Tam dependence of Tomato in AT2, with 80% of the cells labeled ( Figure S3 ); this recombination frequency is consistent with previous reports (Barkauskas et al., 2013; Liu et al., 2015) . Furthermore, we analyzed genomic DNA isolated from Tam-treated WT and mutant AT2 and found that the methylation of Dlk1 in the mutant (with the maternal allele only) is significantly reduced compared with the WT ( Figure S3F ). This result indicates that little Dlk1 will be produced in the mutant AT2 (Schmidt et al., 2000) . We used Dlk1 ΔAT2 to designate mutant mice with AT2-specific disruption of Dlk1 and Dlk1 del to designate mutant AT2 in which Dlk1 expression was disrupted. For the WT control, we used littermates with the genotype SPC-CreER, +/+, ROSA-Tomato (SPC-Tomato).
Lineage-labeled Tomato + AT2 were isolated by flow sorting from Tam-treated Dlk1 ΔAT2 (mutant [Mut] ) mice and WT control mice. We found that the mutant and control cells both expressed low levels of Dlk1 in the absence of injury ( Figure 3B ). Dlk1 protein was not completely lost in AT2 from Dlk1 ΔAT2 mice, likely because of slow turnover of AT2 and stability of the Dlk1 protein (Barkauskas et al., 2013; Desai et al., 2014) . However, at 3-5 days post-PA injury, Dlk1 expression in WT AT2 significantly increased, whereas mutant AT2 expression showed little change compared with controls ( Figure 3B ; Figure S3G ). 7 days post-PA injury, Dlk1 expression of both WT and mutant AT2 was similar to basal levels ( Figure 3B ). These results show temporally increased Dlk1 expression during repair and disruption of Dlk1 protein expression in mutant cells after PA lung injury.
We next explored the effects of Dlk1 disruption on AT2 progenitor function by assessing whether mutant AT2 displayed reduced proliferation at the early repair phase after PAinduced alveolar injury. In AT2 isolated 3 days after PA injury, when WT cells are markedly proliferating , we found that the mutant cells expressed similar amounts of CDC25C and Cyclin B1 ( Figures 3C and 3D ), indicators of AT2 proliferation , compared with WT cells. AT2 were then isolated 3 days post-PA injury for western blot analysis, which showed that mutant cells had similarly phosphorylated histone H3, an indicator of cell division ( Figure 3E ; Liu et al., 2003) . We also stained lung sections from WT and Dlk1 ΔAT2 mice 3 days after PA injury with an antibody against the proliferation marker Ki67 and found that ~2% of Tomato + cells were Ki67 + in both the WT and mutant ( Figures S3H and S3I) . Thus, disruption of Dlk1 did not interfere with proliferation of AT2 after PA injury.
To determine whether AT2-specific Dlk1 disruption affected cell death after PA injury, we performed a terminal deoxynucleotidyl transferase mediated dUTP nick end labeling (TUNEL) assay on lung sections obtained 3 days after PA injury. Here we did not find significant differences in cell death between WT and mutant mice ( Figure S4 ). Next we determined, by qRT-PCR of whole-lung lysates obtained 3 days after PA injury, whether disrupting Dlk1 in AT2 affected the inflammatory response of mutant lungs. When examining several factors involved in inflammation (i.e., MIP2, MCP, interleukin-6 [IL-6], tumor necrosis factor alpha [TNF-α] , and ICAM-1; Chignalia et al., 2015) , we found no significant difference between WT and mutant mice ( Figure S4 ). Because Dlk1 disruption did not cause defects in AT2 proliferation, cell death, or the inflammatory response, we next addressed whether Dlk1 contributed to the mechanism of differentiation of AT2 to AT1. The first step in transition of AT2 to AT1 is loss of AT2 markers; thus, we analyzed whether Dlk1 del AT2 showed altered expression of the AT2 marker Sp-C. We found that the mRNA expression of Sp-C decreased in both WT and Dlk1 del AT2 3 days after PA-induced injury compared with non-PA controls ( Figure 4A) ; however, AT2 isolated from Dlk1 ΔAT2 mice 3 days after PA injury expressed significantly less Sp-C compared with the WT ( Figure 4A ). These results were confirmed by western blotting using flow-sorted Tomato + AT2 ( Figure 4B ). We observed significantly less Sp-C Finn et al.
Page 6 protein expression in mutant cells 3, 5, and 7 days after PA injury compared with WT controls ( Figure 4B ), indicating defective AT2-to-AT1 transition. We also analyzed lung sections prepared from the lineage-labeled Dlk1 ΔAT2 and WT mouse lines 7 days post-PA injury by fluorescent antibody staining of Sp-C and the lineage marker YFP ( Figures 4C and  4D ). Sections from SpC-CreER/Dlk1 flox /ROSA-YFP lines showed numerous YFP + cuboidal cells lacking Sp-C ( Figure 4D ). In contrast, more than 90% of the YFP-labeled cuboidal cells in the WT showed Sp-C staining ( Figure 4C ). Thus, disruption of Dlk1 induced abnormal AT2-to-AT1 transition and unmasked an intermediate population of Sp-C low AT2.
We next studied the possible defect in conversion of Dlk1 del AT2 to AT1 during the late repair phase. Studies were first made using lung sections from the lineage-tracing lines ( Figure 3A ) 10 days after PA injury. We found in WT lungs (SPC-Tomato) that numerous Tomato + cells acquired AT1 morphology and expressed the AT1 marker T1α (Figures 5A and 5E), whereas lung sections from mutant SpC-CreER/Dlk1 flox /ROSA-Tomato (Dlk1 ΔAT2 ) mice showed significantly less Tomato + AT1-like cells than controls (Figures 5B-5D and 5F). In addition, in Dlk1 ΔAT2 sections, numerous Tomato + cuboidal (AT2-like) cells showed weak expression of the AT1 marker T1α, whereas almost all Tomato + cuboidal cells in WT sections were negative for T1α (Figures 5E and 5F). We did not observe any abnormal distribution of CC10 + cells in Dlk1 ΔAT2 lungs ( Figure S5 ), indicating that mutant cells did not transition into the bronchiolar club cell fate (Stripp, 2008) . Thus, Dlk1 del AT2 cells were blocked from differentiation at the intermediate Sp-C low T1α low stage during transition to AT1.
To characterize the mutant AT2 that were blocked at the intermediate stage, we carried out an RNA sequencing (RNA-seq) analysis, comparing gene expression profiles between AT2 and AT2-like cells isolated from WT and Dlk1 ΔAT2 lungs 9 days after PA injury. After the standard AT2 isolation procedure, Tomato + cells were further sorted by FACS and processed for RNA-seq. The lineage-traced AT1, which are very fragile because of their thin morphology (Yang et al., 2016) , were not included in the cell preparation ; Figure 5G ). We expected that, in the mutant, the cell populations processed for RNA-seq included quiescent AT2 (Sp-C hi T1α neg ) that were not affected by the injury as well as the cuboidal AT2-like intermediate cells ( Figure 5F ) (Sp-C low T1α low ), whereas in the WT, only quiescent AT2 were included because, at this stage, the reparative AT2 should either have converted to AT1 or returned to the quiescent state (Figures 5E and 5G) . The expression of ~40 each of the AT1 or AT2 markers (Marconett et al., 2017; Wang et al., 2018) was compared between WT and mutant cells ( Figure 5G ; Table S2 ). We found that, in general, the mutant cells expressed higher levels of AT1 markers and lower levels of AT2 markers compared with the WT ( Figure 5G ; Table S2 ), consistent with the data in Figures 4 and 5E and 5F. Thus, the RNA-seq analysis confirmed that Dlk1 del AT2 were blocked at the Sp-C low T1α low intermediate stage at late repair stage.
Next we used in vitro culture to further study Dlk1-mediated transition of AT2 to AT1. Tomato + lineage-labeled AT2 from WT or Dlk1 ΔAT2 mice were isolated by flow cytometry sorting and cultured. We found that, after 8 days of culture, both WT and Dlk1 del cells changed their shape to a flattened AT1-like morphology. However, the AT1-like cells generated from WT AT2 spread into a larger area compared with Dlk1 del cells ( Figures 5H-5J ), which is a phenotype indicating more mature AT1 (Yang et al., 2016) . We also compared the expression of AT1 markers after AT2 isolated from WT or Dlk1 ΔAT2 mice were cultured for 5 days and found that WT cells expressed significantly greater levels of RAGE and HopX (Yang et al., 2016) than Dlk1 del cells (Figures 5K and 5L) , further supporting defective transition of Dlk1 del AT2 to AT1.
Dlk1 del AT2 Cells Maintain Elevated Notch Activation
We also determined whether the defective transition of Dlk1 del AT2 to AT1 was the result of dysregulated Notch signaling in these cells. Using western blotting to probe for NICD in Tomato + AT2 isolated by flow cytometry from lineage-labeled WT and Dlk1 ΔAT2 mice at different times post-PA injury, we observed that NICD levels were similar in WT and Dlk1 del AT2 in non-PA and in 3-day post-PA injury lungs ( Figures 6A and 6B ). However, Notch signaling decreased in WT AT2 5 and 7 days post-PA injury, whereas the high Notch activation was sustained in Dlk1 del AT2 (Figures 6A and 6B; Figure S6A ).
To further assess the role of AT2 Notch activation in mediating the transition to AT1, we generated SpC-CreER/+/ROSA-Tomato/Notch-Venus ( Figure 6C ) and SpC-CreER/Dlk1 flox / ROSA-Tomato/Notch-Venus ( Figure 6D ) mice. In these mice, WT ( Figure 6C ) or Dlk1 del ( Figure 6D ) AT2 were lineage-labeled by Tomato, and concurrently Notch signaling was monitored by Venus expression ( Figures 1D, 6C , and 6D). Analyzing AT2 isolated from these mice by FACS ( Figure 6E ; Figures S6B-S6G), we observed that, without PA, a small percentage of Venus + AT2 were present in both WT and mutant mice ( Figure 6E ). In the WT, however, the percentage of Venus + cells among Tomato + AT2 significantly increased 5 days after PA injury and declined 7 days after PA injury ( Figures 6E and 6F ). In mutant lungs, the ratio of Tomato + Venus + in Tomato + AT2 cells was similar as in the WT without PA and 3 and 5 days after PA injury ( Figure 6G ). However, 7 days after PA injury, the percentage of Venus + AT2 in mutant mice was significantly greater than in the WT ( Figure  6G ). These data demonstrate that Notch signaling is activated at an earlier phase of repair (3-5 days post-PA injury) in both WT and Dlk1 del AT2, when the cells acquire their progenitor functions, but it is inhibited by Dlk1 in the WT 7 days post-PA injury; specifically, during the transition of AT2 to AT1. Dlk1 del AT2 with abnormally high Notch signaling failed to differentiate into AT1. The observed discrepancy in the peak time of Notch activation detected by NICD western blot and Venus reporter assay in the WT (3 days after PA injury for NICD western blot versus 5 days for the Venus reporter) likely reflects the lag between Notch receptor cleavage and activation of downstream transcription targets.
Disrupting Notch Activation in AT2 Prevents Transition to AT1
We next used mice with constitutively active or inhibited Notch signaling in AT2 to address whether aberrant Notch activation leads to disrupted AT2 progenitor cell function. For constitutive Notch activation, we used SpC-CreER/ROSA-ICN (SPC-ICN) mice (Murtaugh et al., 2003) , which possess a cassette containing the intracellular domain of Notch 1 (ICN) followed by an internal ribosome entry site (IRES)-activated GFP tag inserted at the Rosa26 locus, preceded by a floxed stop codon ( Figure 7A ). After Tam treatment, Cre-mediated recombination in these mice led to expression of ICN in AT2, resulting in constitutive Notch signaling ( Figure 7A ). We isolated and cultured AT2 from SpC-ICN mice and found by antibody staining that, after 8 days of culture, most of the WT cells expressed the AT1 marker RAGE, whereas almost all ICN-expressing cells lacked RAGE staining ( Figure 7B ). Furthermore, in 5-day-cultured AT2 isolated from WT and SpC-ICN mice, we observed by qRT-PCR that the cells from SpC-ICN mice expressed significantly less of the AT1 markers RAGE and HopX ( Figure 7C ) than WT controls, indicating defective AT2-to-AT1 transition.
We also determined whether ICN + AT2 exhibited a similar phenotype as Dlk1 del AT2 in vivo, using qRT-PCR analysis. AT2 were purified by flow cytometry after the standard AT2 isolation procedure from control (SpC-Tomato) or SpC-ICN mice 8 days after PA injury.
qRT-PCR showed that, similar to Dlk1 ΔAT2 in which mutant AT2 at this time point expressed higher levels of AT1 markers and lower levels of AT2 markers compared with the WT (Figures 4 and 5G) , ICN + AT2 also expressed significantly higher levels of the AT1 markers HopX, Cav1, and Igfbp2 ; Figure 7D ) but lower levels of the AT2
markers Sp-C and Sp-D ; Figure 7E ) than controls.
To inhibit Notch signaling, we used the SpC-CreER/ROSA-dnMAML (SPC-dnMAML) mouse line expressing an inducible AT2-specific dominant-negative form of MAML (Maillard et al., 2006) . MAML is a necessary co-activator of Notch-mediated target gene transcription (Kopan and Ilagan, 2009 ). These mutant cells were also lineage-traced by GFP through an IRES site (Maillard et al., 2006 ; Figure 7F ). In cultured AT2 from WT or SPCdnMAML mice, we observed that dominant-negative MAML (dnMAML)-expressing cells underwent apoptosis starting 24 h after culture, as determined by TUNEL staining ( Figure  7G ). 72 h after culture, all GFP + dnMAML-expressing cells had undergone apoptosis (data not shown); thus, AT2 with constitutively low Notch signaling did not survive during the transition to AT1. Consistently, lung sections from SPC-dnMAML mice 3 days after PA injury showed a significantly greater number of TUNEL + cells than WT controls ( Figure  7H ).
Because Dlk1 del AT2 exhibited abnormally high Notch activation at the late repair phase, we tested, by examining SpC-CreER/Dlk1 flox /ROSA-dnMAML mice, whether reduced Notch activation in Dlk1 del AT2 rescued their phenotype. 9 days after PA injury, AT2 were purified by flow-sorting in addition to the standard AT2 isolation procedure from these doublemutant mice and compared with the Dlk1 del single mutant by qRT-PCR. We found that double-mutant (Dlk1 del ;dnMAML) AT2 showed lower expression of the AT1 marker Aqp5 compared with Dlk1 del single-mutant AT2 ( Figure S7 ), indicating that dnMAML partially rescued the Dlk1 phenotype.
DISCUSSION
Dlk1 is expressed in many embryonic tissues, and its expression disappears postnatally (Appelbe et al., 2013; Yevtodiyenko and Schmidt, 2006) . However, Dlk1 returns in some adult tissues undergoing regeneration (Andersen et al., 2013; Zhu et al., 2012) . Dlk1 is expressed in the distal tip of the branching epithelium and surrounding mesenchyme in the embryonic mouse lung (Yevtodiyenko and Schmidt, 2006) , where it participates in lung development (da Rocha et al., 2009 ). Here we addressed the regenerative function of Dlk1 and its relationship to Notch activation in regulating the transition of AT2 to AT1. The present studies were conducted in a clinically relevant model of alveolar injury in which mice are challenged with i.t. PA as described by us previously (Liu et al., 2011) . We demonstrated using multiple approaches, including inducible AT2 cell-specific Dlk1 mutant mice, lineage-tracing studies, RNA-seq, Notch reporter-and AT2-specific constitutively active Notch mice, and dnMAML-expressing mice, that Notch signaling is activated in AT2 after alveolar epithelial injury but that later, Notch is downregulated by Dlk1 as AT2 transition to AT1. This high-to-low Notch switch was essential for AT2 differentiation into AT1. These studies identify the critical role of the non-canonical Notch ligand Dlk1 in temporally downregulating Notch signaling and promoting AT2-to-AT1 transition and alveolar epithelial repair ( Figure 7I ).
We observed in WT lungs that AT2 post-PA injury initiated a hyperproliferative phenotype and subsequently transitioned into AT1. However, in the absence of Dlk1 we found that AT2 still proliferated but failed to transition to AT1. In these mice, we observed accumulation of a population of Unlike studies showing that a specific level of Notch activation determines the fate of several lung cell types (Rock et al., 2011b) , our results show that a mechanism involving Dlk1-dependent temporal high Notch-to-low Notch switch plays critical roles in the sequential steps of AT2-mediated alveolar repair. We found that Notch signaling was elevated at the initiation of the repair process. AT2 isolated from SPC-dnMAML mice, which have constitutively low Notch activation, underwent apoptosis shortly after initiation of AT2-to- The signaling mechanisms responsible for the initiation of Notch activation are unclear. One possibility is that inflammatory pathways activated by PA induce Notch activation in AT2. PA is known to induce activation of nuclear factor κB (NF-κB) signaling (Sadikot et al., 2006) , which, in turn, is known to upregulate the expression of Notch ligands such as Jagged1 (Bash et al., 1999) . Another possibility is influx of macrophages occurring after PAinduced inflammation could provide ligands needed for activation of Notch receptors in AT2 cells (Foldi et al., 2010) . It is also possible that AT2 Notch signaling is activated in a ligandindependent manner (Palmer and Deng, 2015) .
We observed that Dlk1 upregulation was required for downregulating Notch signaling and AT2-to-AT1 transition. Dlk1 is a dose-sensitive gene (da Rocha et al., 2009); therefore, a significantly lower level of Dlk1 in the mutant AT2 caused a severe phenotype. Previous studies showed that Dlk1 can modulate Notch activation in a context-and cell-dependent manner. In blood vessels, Dlk1 is known to inhibit Notch during angiogenesis (Rodríguez et al., 2012) and endothelial cell proliferation after injury (Schober et al., 2014) . Dlk1 in the developing heart appears to positively regulate Notch1 (Shamis et al., 2015) . We cannot be sure whether these effects of Dlk1 are due to involvement of different co-ligands and coreceptors or may reflect different Dlk1 isoforms (Falix et al., 2012; Kopan and Ilagan, 2009 ). In the present study, using Notch reporter mice and western blotting analysis of the cleaved NICD, we established a key role of Dlk1-dependent inhibition of Notch signaling in mediating AT2-to-AT1 transition. AT2 showed increased expression of Dlk1 as early as 3 days after PA injury; at the same time, abnormal Sp-C expression was observed in the mutant. Also at this time, we observed a slight increase in NICD levels, which was, however, statistically insignificant. This might be due to slight alterations of the NICD not always detected in the western blots. In addition, dnMAML partially rescued the Dlk1 phenotype, further supporting that Dlk1 acts through negative regulation of Notch activation.
Dlk1 is a transmembrane protein considered to be a non-canonical Notch ligand (Falix et al., 2012; Kopan and Ilagan, 2009 ). Similar to the canonical Notch ligands, Dlk1 possesses 6 EGF-like repeats and a delta and OSM-11 motif (DOS) domain but lacks the delta-serrate-LAG2 (DSL) domain, which is necessary for trans-activation of Notch receptors through the canonical mechanism (Falix et al., 2012; Kopan and Ilagan, 2009 ). The interaction between Dlk1 and Notch receptors could modulate Notch signaling in multiple ways. It may cooperate with other DOS domain-containing ligands (Falix et al., 2012; Kopan and Ilagan, 2009 ). Dlk1 can also act in a cis-inhibitory fashion by interacting with Notch receptors in the same cell, blocking a trans-ligand, or through regulating intracellular trafficking of the cleaved Notch (Falix et al., 2012; Kopan and Ilagan, 2009; Palmer and Deng, 2015) . In addition to the full-length membrane-bound form of Dlk1, there are also cleaved, soluble forms of Dlk1 (Smas et al., 1994) . Targeted expression of Dlk1 isoforms in AT2 may be important in defining details of Notch inhibition induced by Dlk1. Wnt signaling may be a possible mechanism initiating Dlk1 expression during the onset of AT2-to-AT1 transition because the Wnt and β-catenin pathway transcription factor Tcf or LEF binds the Dlk1 promoter (Weng et al., 2009 ). Wnt and β-catenin is also activated in AT2 after injury and regulates AT2 progenitor function (Flozak et al., 2010; Nabhan et al., 2018; Zacharias et al., 2018) . Recent studies showed that β-catenin gain-of-function mutation caused an arrest of AT2-to-AT1 transition during steady-state homeostasis (Nabhan et al., 2018) . It is intriguing to ask whether different mechanisms apply to AT2-to-AT1 conversion in the context of steady-state homeostasis versus injury repair. Our finding may also lead to the discovery of cross-talk between Wnt and Notch signaling in the regulation of AT2 progenitor function.
In conclusion, we have shown that Dlk1-dependent temporal modulation of the Notch signaling pathway is necessary for AT2-to-AT1 transition and repair of the alveolar epithelium after PA-induced injury. Thus, Dlk1 and Notch signaling components represent potential therapeutic targets for accelerating repair of the alveolar epithelium and resolving acute lung injury.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
Animal Care and Use-All animal experiments were approved by the Institutional Animal Care Committee of the University of Illinois at Chicago. All mice were maintained in a barrier facility with free access to food and water. Male and female mice aged 6-12 weeks old were used. To induce Cre expression, mice were administered 4 doses of tamoxifen every other day for a total of 1mg/g body weight. Mice were used 1-4 weeks after the last tamoxifen injection. The mouse line with type II cell-specific disruption of Dlk1 (Dlk1 ΔAT2 ) was generated by crossing a mouse line expressing tamoxifen-inducible Cre under control of the type II cell-specific promoter SpC (SpC-CreER, kindly provided by Dr. Brigid Hogan, Duke University) with male Dlk1 flox (Dlk1 tm1.1Jvs/ J, The Jackson Laboratory). WT/SpC-CreER and Dlk1 flox /SpC-CreER mice were further crossed with ROSA-Tomato (Rosa-tomato:B6.Cg-Gt(ROSA) 26Sortm9(CAG-81 tdTomato)Hze /J, The Jackson Laboratory) or (ROSA-YFP B6.129X1-Gt(ROSA)26Sortm1(EYFP)Cos/J, The Jackson Laboratory) for lineage tracing studies. Some mice were further crossed with Notch reporter Notch-Venus mice (Tg(Cp-HIST1H2BB/Venus)47Hadj/J, the Jackson Laboratory) for Notch activity assays. ROSA-ICN mice were crossed with SpC-CreER mice to study constitutive Notch activation in type II cells. ROSA-dnMAML mice were crossed with SpC-CreER mice to study dominant negative Notch signaling in type II cells. Littermates (SpC-CreER/+/ ROSA-Tomato) were used as control for Dlk1 knock-out mice, C57BL/6 (Jackson lab) or SpC-CreER/ROSA-Tomato mice were used as control for SpC-CreER/ROSA-ICN and SpCCreER/ROSA-dnMAML (both are in C57BL/6 background).
METHOD DETAILS
Intratracheal injection of PA103-Live PA103 (kindly provided by Dr., Ruxana T Sadikot, Emory University School of Medicine) was titered overnight on blood agar plates and mixed with freeze-killed dead PA103 to administer 2×10 4 live and 5×10 6 dead PA in 20 μL of sterile PBS. Mice were anesthetized with ketamine (100mg/kg), xylazine (5 mg/kg) and lidocaine (1 mg/kg). The neck surgical site was shaved and sterilized with 70% ethanol. A 1cm incision was made and the trachea was exposed. 20 μL of bacteria in PBS was slowly injected into the trachea.
Buprenorphine (0.1mg/kg) was administered for post-operative analgesia.
Harvest and fixation of lungs-Mice were anesthetized with ketamine/xylazine. An incision was made in the abdomen and mice were exsanguinated by severing the abdominal aorta. The rib cage was cut open to expose the heart and lungs. 10 mL PBS was used to perfuse the lungs through the pulmonary artery. The trachea was exposed and cannulated. 2 mL of 4% paraformaldehyde was instilled into the lungs and the trachea was tied off with thread. The lungs were removed and fixed in 4% paraformaldehyde overnight before paraffin embedding and sectioning, performed by the Histology core at the University of Illinois at Chicago. For frozen section preparation, the lung was injected with 2 mL OCT (Tissue Tek) through the tracheal. Lung was embedded in OCT then immediately frozen in ethanol-dry ice bath. 5 μm sections were cut using a cryostat.
Isolation and culture of type II cells-Mice were sacrificed and the lungs perfused and cannulated as described above. 2 mL dispase was instilled into the lungs followed by 0.5 mL 1% agarose to seal the upper airway. The lungs were removed and incubated in dispase (Corning) at room temperature for 45 minutes. Dissociated cells were treated with DNase I (100U/ml) in 5mL DMEM with 10% FBS, 25mM HEPES, 1x Penicillin/streptomycin, 1x Gentamicin/Amphotericin and filtered through a 70 μm cell strainer followed by 20 μm nylon membrane. The resulting cell suspension was centrifuged at 150 g for 8 minutes to pellet the type II cells, which were resuspended in 7 mL DMEM/FBS/HEPES and plated on anti-CD16/32 and anti-CD45 coated plates. The cells were incubated at 37°C/5% CO 2 for 1 hour, and non-adherent type II cells were collected. Red blood cells were lysed with RBC lysis buffer, followed by washing with DMEM. This protocol yields ≥ 90% type II cell purity, as assessed by modified Papanicolaou stain (Dobbs, 1990 ; Figure S1 ). Isolated type II cells were cultured on 0.2% gelatin-coated culture dishes or glass coverslips, in DMEM supplemented with 10% FBS, 1mM HEPES, penicillin/streptomycin, gentamycin, and antibiotic-antimycotic. Media was changed every other day.
Flow cytometry analysis and sorting-Type II cells freshly isolated from mice with SpC-CreER/ROSA-Tomato and/or CBF-Venus loci as described above. Cells were stained for DAPI to eliminate dead cells from analysis. Cells were analyzed as well as sorted using a Beckman Coulter MoFlo high speed cell sorter located in the Flow Cytometry Core at the University of Illinois at Chicago. Non-fluorescent, and single color controls were included in analysis. Control and experimental samples were always run with same voltage and gates in each experiment.
Quantitative real-time PCR-Freshly isolated or cultured type II cells were lysed in TriZol reagent (Life Technologies) and RNA was isolated with the RNeasy kit (QIAGEN). RNA concentration was measured using a NanoDrop (Thermo Scientific) and cDNA synthesized using the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems). RT-qPCR was performed on a Viia7 Real-Time PCR System (Life Technologies) using SYBR Green (Roche). Data is expressed as fold change, calculated by ΔΔCt method, using Cyclophilin (CLO) as housekeeping reference gene (Liu et al., 2011) . Primer sequences are listed in Table S1 . For some experiments, the FAM-MGB labeled Taqman assays were used.
Western blotting-Freshly isolated type II cells were lysed in RIPA buffer supplemented with protease inhibitor. Protein concentration was determined by BCA assay (Bio-Rad) and equal amounts of protein were separated on 4%-20% SDS-PAGE gels followed by transfer to polyvinylidene difluoride membrane. Nonspecific binding was blocked by incubation in 5% skim milk in Tris buffered saline with 1% Tween-20. Blots were probed with specific primary antibodies followed by appropriate horseradish peroxidase-conjugated secondary antibody. Blots were developed with chemiluminescent substrate (Pierce) and an ImageQuant LAS imager (GE Healthcare). Blots were analyzed densitometrically using ImageJ (Version 1.47, National Institutes of Health), with values being normalized to β-actin or GAPDH and expressed as percentage of control.
IMMUNOSTAINING, IMAGING AND QUANTIFICATION
Slides were dewaxed and rehydrated. Cryosection slides were thawed at room temperature and fixed in 4% PFA for 30 min. Slides and coverslips with cultured cells were permeablized with 0.2% Triton X-100 in PBS. Samples were blocked with 10% normal donkey serum in PBS-0.1% Triton for 1 hour. Samples were incubated with primary antibody in blocking solution overnight at 4°C. Samples were washed three times with PBS-0.05% Triton (PBS-T) for 30 minutes each wash and incubated in fluorescently labeled secondary antibodies (Jackson Immunoresearch) at 1:200 in blocking solution overnight at 4°C. Samples were washed three times with 0.05% PBS-T for 30 minutes each wash and incubated with DAPI (1:1000) for 10 minutes before mounting coverslips with anti-fade mounting medium. Imaging was performed using a Zeiss LSM880 confocal microscope (Carl Zeiss), Zeiss ApoTome (Carl Zeiss) or EVOS FL (Thermo Fisher). Tomato + fluorescence area of lineage traced type I cells was determined using Fiji (Schindelin et al., 2012) . For scoring Ki67 expression, > 1000 Tomato + cells were scored for each mouse, n = 2 mice each genotype. Experimental images were always taken with the same exposure parameters as relevant controls. Adjustment of images (brightness or contrast) if applied, were always the same for experimental and control.
RNA sequencing analysis-Tomato + lineage labeled type II cells from WT or Dlk1 ΔAT2 mice were isolated at 9 d after PA injection by flow cytometry sorting. Around 200,000 cells were isolated from each mouse, 3 mice were used for each genotype. Total RNA was isolated using QIAGEN RNeasy mini kit (QIAGEN). RNA concentration and purity was determined before RNA sequencing analysis. TruSeq mRNA-Seq libraries were the prepared for each sample, followed by sequencing using the Illumina NextSeq500 platform at the Genomics Core of Northwestern University. All samples were sequenced together on a flow cell to avoid batch effect. We obtained ~32 million reads for each sample. Raw reads were then processed by trimming adaptors. The raw counts among 23338 genes were normalized using the Bioconductor tools (Gentleman et al., 2004) for the R Statistical Package (R Development Core Team, 2013) (URL http://www.R-project.org/). The raw data were normalized using the DESeq2 (Love et al., 2014) that performs an internal normalization where geometric mean is calculated for each gene across all samples. Hierarchical clustering and Principal Component Analysis (PCA) were performed on the normalized data to assess the sample relationship and variability. Differential gene expression between the different experiments was assessed by DESeq2 (Love et al., 2014 ) that fits negative binomial generalized linear models for each gene and uses the Wald test for significance testing. The raw and processed data have been deposited in the NCBI Gene Expression Omnibus (GEO) database (Accession Number: GSE 124259). False discovery rate was estimated using the Benjamini-Hochberg procedure (Yoav and Yosef, 1995) .
41 type I cell markers and 37 type II markers were selected for further analysis based on previous RNA sequencing or microarray studies (Marconett et al., 2017; Wang et al., 2018) . The mean value of these genes of 3 WT samples and 3 Mutant samples were listed in Table  S2 . A modified z score based on the log2 value was calculated as [Z Mut (or WT ) = (mean expression in mutant (or WT) -mean expression in all sample) / standard deviation in all sample] and plotted using the heatmap.2 library in the R Statistical Package.
Profiling of methylation patterns-Primers targeting the last exon of Dlk1 (Takada et al., 2000) in mouse genomic DNA (ENSMUSE00000932061: 109,459,607 to 109,460,361) were designed using the Bisulfite Primer Seeker (Zymo Research, Orange, CA). Each primer set amplified a region of 350 bp of DNA after bisulfite conversion. Primer sequences for primer set 1 were: PS1F: TAGGTTTYGTATGTTTTTTGTTTGTGTTTTTTTGG and PS1R: AACCCATAACCRCTAAACAAATAAATAACCTACAC; primer sequences for primer set 2 were PS2F: GGGTGTAYGAGTTGTTTGTTTAGTAG and PS2R: AAACRCTACTTAAATCTCCTCATCACCAACCTC. Both primers were synthesized with 5′ linkers called common sequence 1 (CS1) and common sequence 2 (CS2), as described previously (Naqib et al., 2018) . Genomic DNA was extracted from mouse alveolar type II cells using the GenElute Mammalian Genomic DNA Miniprep kit (Sigma G1N350-1KT). 500 ng of gDNA was used as input for bisulfite conversion, using the EZ DNA MethylationLightning Kit (Zymo Research). Bisulfite converted DNA was PCR amplified using PS1 and PS2. A mastermix for the entire plate was made using the MyTaq HS 2X mastermix. Each well received a separate primer pair with a unique 10-base barcode, obtained from the Access Array Barcode Library for Illumina (Fluidigm, South San Francisco, CA; Item# 100-4876). These AccessArray primers contained the CS1 and CS2 linkers at the 3′ ends of the oligonucleotides. Samples were pooled in equal volume using an EpMotion5075 liquid handling robot (Eppendorf, Hamburg, Germany). The pooled library was purified using an AMPure XP cleanup protocol (0.6X, vol/vol; Agencourt, to remove fragments smaller than 300 bp. The pooled libraries, with a 20% phiX spike-in, were loaded onto an Illumina MiniSeq mid-output flow cell. Based on the distribution of reads per barcode, the amplicons (before purification) were re-pooled to generate a more balanced distribution of reads. The re-pooled library was purified using AMPure XP cleanup, as described above. The re-pooled libraries, with a 15% phiX spike-in, were loaded onto a MiSeq V3 flow cell (2×300 base reads) and sequenced to generate final data. Fluidigm sequencing primers, targeting the CS1 and CS2 linker regions, were used to initiate sequencing. De-multiplexing of reads was performed on instrument.
Raw sequence data were analyzed using the software package CLC genomics workbench (V11; QIAGEN, Aarhus, Denmark). Briefly, raw sequence data were trimmed to remove poor quality sequence data (< Q20), and to remove 75 bases from each sequence at the 3′ end. Subsequently, reads were merged (> 98% merge rate). Merged reads were then rarefied to 1,000 sequences per sample and mapped against a bisulfite-converted reference sequence. At each CpG site, counts of C and T were assessed, and percent methylation calculated by percentage of C out of total reads at each position. A comparison of the percent methylation between wild-type and mutant were assessed based on two replicates for each group, and visualized in the software package Origin (2017; OriginLab). Library preparation, pooling, sequencing and basic raw data processing were performed at the University of Illinois at Chicago Sequencing Core (UICSQC).
QUANTIFICATION AND STATISTICAL ANALYSIS
Data are expressed as average ± SE. Student's t test was used to determine statistical significance, with p < 0.05 being considered significant. Values of p and n are listed in figure legends.
DATA AND SOFTWARE AVAILABILITY
RNA sequencing data have been deposited in the NCBI Gene Expression Omnibus (GEO) database (Accession Number: GSE124259).
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Refer to Web version on PubMed Central for supplementary material. cell expressing a high level of T1α and a low level of Sp-C at 96 h of culture. Scale bar, 20 μm. See also Figure S1 . Tomato + cuboidal AT2-like cells, and the arrowheads in (E) (I) . The area of each cell was measured by ImageJ and is presented as a box whisker plot (J). More than 100 cells were measured for each sample group in 2 independent experiments. (K and L) AT2 isolated from WT and Dlk1 ΔAT2 lungs were cultured for 5 days to allow AT2
to AT1 transition and processed for qRT-PCR to examine expression levels of the AT1 markers RAGE (K) and HopX (L). n = 4.
Data are presented as mean ± SE; *p < 0.05, **p < 0.01. See also Figure S5 . 
